INTRODUCTION
High-speed and high-resolution analog-to-digital converters (ADC) are critical devices for space electronic systems. Analog Devices's bipolar technology 12-bit A/D converter, AD574A, was proven to withstand up to 100 krad(Si) [1], but excessive power consumption limits its applications in many new high-speed and low-power system designs. Several other commercial 12-bit successive approximation register (SAR) A/ D converters with BiCMOS technology from different manufacturers have been tested and showed various results [2] . Failure modes were also quite different for those converters at different dose rates [3] . This paper compares total dose effects on two different technology (CMOS and BiCMOS) 12-bit ADCS from the same manufacturer, Burr-Brown. Low dose rate (LDR) test for the BiCMOS converter is in progress and will be reported in the final paper. CMOS ADCS are particularly attractive in lowpower circuit design in space applications. However, there were inherent limitations with analog CMOS technology even with self-calibration architecture as in Crystal'sCS5016 16-bit ADC [4] . The CMOS converter failed at a very low total dose level with high dose rate (HDR) irradiation. Despite the improved failure level of the CMOS converter at LDR, BiCMOS converters showed that they were indeed better candidates for space applications provided they did not show enhanced low dose rate (ELDR) effect in their bipolar components [5] [6] [7] [8] . A BiCMOS converter from Maxim, MX674A, failed catastrophically at total dose levels below 5 krad(Si) at LDR because of ELDR effect; the converter functioned to about 25 krad(Si) at HDR and recovered quickly during annealing [3] . This paper discusses results for both CMOS and BiCMOS technology 12-bit converters from one manufacturer, comparing architectures and radiation response mechanisms. More low-power CMOS 12-and 16-bit converters from Burr-Brown and Harris will be included in the final paper.
EXPERIMENTAL APPROACH
ADC574A is fabricated with a CMOS and laser-trimmed bipolar technologies. This BiCMOS converter has internal scaling resistors which can be used to select analog input signal ranges of OV to + 10V. ADS574A is a CMOS A/D converter * The work described in this paper was carried ,out by the Jet Propulsion which uses a capacitor array implemented in low-power CMOS technology. Key features of the device are low power consumption and internal sampling. The converter can be also operated from a single +5V supply. These area drop-in replacements for AD574 models of other manufacturers for most applications.
Devices were irradiated with a room type irradiator at a high dose rate of 50 rad(Si)/s. Low dose rate tests of the ADC574A BiCMOS converter at 0.005 rad(Si)/s are in progress to see whether it will show ELDR effects. Results will be reported in the final paper.
III. TEST RESULTS
The BiCMOS converter, ADC574A, requires supply voltage of 5V and *15V. The +5V is specified as VIO~iC supply. The CMOS converter, ADS574A requires onlyVddof5Vand-15V for Vee (no+ 15V supply is required). The CMOS converter is recommended for use in low power consumption applications. CMOS converter increased further to 34 mA when devices failed functionally at the final total dose level of 40 krad(Si). Supply current of the BiCMOS converter sharply increased up to 30 krad(Si) and remained at21 mA until the final total dose level of 100 krad(Si). It annealed back to initial values at room temperature. The device failed functionally between 75 and 100 krad(Si).
Conversion time of these converters is another parameter that showed significant differences in degradation as shown in Figure 2 . The conversion time of the CMOS converter did not show any degradation at all up to 35 krad(Si). The converters abruptly stopped functioned at 40 krad(Si), and could not make any conversions. Thus, conversion time could not be measured at 40 krad(Si).
The conversion time of BiCMOS converters increased gradually until 75 krad(Si), the last radiation level at which the converters were still functional. This may indicate that degradation of the bipolar device is the cause of the large increases in conversion time, However, this may be inconsistent with the room temperature annealing.
The failure mechanism of these devices will be investigated in more detail for the final paper. Devices will be opened up and cross-sectioned for scanning electron microscope (SEM) analysis, and localized SEM irradiation will be used to find the sensitive internal component.
The last parameter that showed significant differences in radiation degradation is the integral nonlinearity (lNL), shown in Figure 3 . INL is the most important parameter of these SAR type 12-bit ADCS. The CMOS converter showed tremendous increase in nonlinearities from 20 krad(Si) to 35 krad(Si). When converters became nonfunctional at 40 krad(Si), INL could not remeasured anymore. The INL parameter recovered during 168 hours room temperature anneal. However, it did not fully recover to the initial value. High temperature (100 "C) annealing is in progress to observe further recovery. For the BiCMOS converter, INL increased slightly and recovered during room temperature anneal. This is one of most important parameters and critical results for decision making process for converter applications in space environment.
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IV. DISCUSSION
Reducing power consumption is a far more difficult in analog circuit design than for digital circuits because of inherent limitations in bandwidth, resolution, and signal-to-noise ratio [9] . Some flash ADCS are designed and fabricated for lowpower applications, but these converters do not have resolutions as needed in space applications. The most critical component in high accuracy SAR converters is the internal comparator which requires extremely close matching of parameters in analog circuitry. This is much easier to achieve in bipolar technology because of the inherently better matching and high transconductance of bipolar devices compared to CMOS devices.
Three different technologies are available for this particular 12-bit SAR A/D converter. The older bipolar converter dissipates almost one watt. Therefore, it is not even comparable in power consumption to other two later technology converters. The CMOS converter is designed for low-power applications. However, the power dissipation increases as the radiation level increases and the most important parameter, INL, also degraded significantly. The BiCMOS converter, on the other hand, can operate at much higher radiation levels than the CMOS converter with some degradation of conversion time. Functional failure in the BiCMOS converter occurred at much higher levels and was far higher than that of the MX674A. The CMOS converter failed abruptly at lower radiation levels because of inherent limitations in CMOS technology.
For actual LDR environment, however, the CMOS converters may perform better compared to the BiCMOS converters. BiCMOS converters may show ELDR effect in bipolar components internal to the converter. In this case, a low-power CMOS converter may be more suitable to use in space applications. Several other 12-bit and 16-bit CMOS ADCS from Burr-Brown will be tested in near future. LDR results of these devices along with the BiCMOS converter will be discussed in the final paper to detertnine which process converter is better to use in space applications.
